The thermal conductivity ͑T͒ of the crystalline and glassy phases of the two isomers of propyl alcohol has been measured. The two isomers differ by a minor chemical detail involving the position of the hydroxyl group with respect to the carbon backbone. Such a difference in molecular structure leads, however, to disparate behaviors for the temperature dependence of ͑T͒, for both glass and crystal states. The ͑T͒ for the glass shows for 1-propanol an anomalously large plateau region comprising temperatures within 6 -90 K, while data for isomeric 2-propanol show only a small plateau up to 10 K which is comparable to data on lower alcohols. The results emphasize the role played by internal molecular degrees of freedom as sources of strong resonant phonon scattering.
I. INTRODUCTION
Significant progress has been registered in the past decades concerning the dynamics of disordered matter, particularly regarding those aspects where disorder plays a prominent role such as are most transport phenomena. Amongst those, the behavior of the temperature dependence of the thermal conductivity ͑T͒ of glasses and disordered crystals continues to attract a significant research effort. 1 The most intriguing manifestation of the scattering of heat waves by either topological, 1 orientational, 2 chemical disorder, 3 defect crystals, 4 or even crystals with minimum disorder 5 concerns the quantitative similitude of ͑T͒ within a relatively wide range of temperatures ͑0.1-10 K͒, independent of the chemical composition. In stark contrast, most of our understanding of such phenomena relies on phenomenological constructs such as the two-level systems 1 ͑TLSs͒ or soft-potential 6 models ͑SPMs͒. Within the microscopic realm, studies aiming to identify the entities able to scatter heat-carrying phonons are mostly carried out by computer simulations. 7 Here, we report on how minor chemical details such as the change in position of a functional group, namely, the OH group of alcohols, within the same molecular skeleton, lead to significant changes in thermal transport properties. More specifically, below we describe the measurements of ͑T͒ for crystalline and glassy forms of the two chemical isomers of propyl alcohol ͑CH 3 CH 2 CH 2 OH and CH 3 CHOHCH 3 referred to as 1-Pr and 2-Pr hereafter͒ and how such a relatively minor chemical change leads to rather different behaviors for this transport property. The interest in such an exercise stems from the fact that such a chemical difference which does not translate into significant changes in molecular volumes or dipole moments but rather on a change of molecular shape leads to astonishing disparate properties such as the melting ͑T m = 148 and 185 K͒, boiling ͑T b = 370.4 and 355.4 K͒ and glass-transition ͑T g = 98 and 115 K for 1-Pr and 2-Pr, respectively͒ temperatures. 8 Even more strikingly, the crystalline ground states of both materials also show marked differences in their crystal symmetry ͑P2 1 / m and P1, respectively͒ and cell dimensions ͑cell volumes of V = 604.91 Å 3 and V = 440.43 Å 3 for 1-Pr and 2-Pr, respectively 9 ͒ as well as in their crystal packing densities, which differ by some 8%, a value far in excess of that found in liquids. In addition, thermodynamic data such as the enthalpies of fusion yield values of ⌬H f = 5.4 kJ mol −1 and ⌬H f = 6.4 kJ mol −1 , 10 which correlate with the difference of 37 K in the melting temperatures. The figures just quoted also provide a vivid reminder of the reasons behind the rather disparate crystallization kinetics of both isomers.
The topic of the chemical isomeric dependence of the thermodynamic functions of disordered matter has received attention 11 in a recent study which shows that while, as expected, T g and T b show, in general, positive correlation, such temperatures are negatively correlated for isomeric liquids. Such an empirical finding, which is also borne out by the present material, has been rationalized 11 in terms of entropy effects dominating over molecular interactions. Support for such a suggestion stems from the significant excess in specific heat of glassy 2-Pr with respect to 1-Pr, 12 which again correlates with the strong differences in the spectral frequency distributions of both isomers below 25 meV as determined by neutron scattering. 13 Our aim here is, thus, to identify the main microscopic entities giving rise to such disparate structural and thermodynamic behaviors by means of a study on the temperature dependence of a property such as the thermal conductivity, known since long 14 to be sensitive to fine details concerning molecular motions.
II. EXPERIMENT
The measurements for all the solid phases were carried out under equilibrium vapor pressure at 2 -160 K by the steady-state potentiometric method using a special setup. 15 The sample container is a stainless steel tube 40 mm long and 22 mm in diameter, with a wall thickness of 0.3 mm. The bottom of the container was fixed to the cool zone of the cryostat that is connected to a helium bath. Two copper wires, 1 mm in diameter, pass through the container perpendicular to its axis, which permitted measurement of the average temperature along the isothermal plane running across the sample. The wires were 12.3 mm apart along the container axis. At the outer surface of the container, copper sockets were soldered to the wires to capsules of two temperature sensors. The upper sensor is a Cernox-SD resistance thermometer ͑Lake Shore Cryotronics, Inc.͒ measuring the temperature difference; the lower sensor is a TSU-2 resistance thermometer ͑VNIIFTRI͒ used to stabilize and control the temperature.
A thermometer was used to measure the temperature along the sample, with the heat flow on and off. The liquid sample was put into the container of the measuring cell under 4 He superlinear gas flow. The container once filled with the sample was vacuum-tight covered with a copper cap and an indium ring. The air was pumped out from the container through a stainless steel capillary attached to the cap. Afterwards, helium gas was fed into the container. A heater was mounted on the cap, allowing to generate a heat flow over the sample.
The statistical error in the thermal conductivity coefficient was below 3% for the whole range of measuring temperatures. The total measurement error ͑ϳ10% ͒ was mainly connected with the systematic error in the measurement of geometrical parameters ͑e.g., inner container cross section and spacing between thermometers͒.
Materials with a stated purity of 99.9% ͑Chromasolv, Sigma-Aldrich͒ were used. The preparation of the glass and fully ordered monoclinic phase was carried out following previously described procedures. 10 The different phases were prepared within the container using the same liquid sample. In short, the glasses were prepared by very fast cooling ͑above 50 K min −1 ͒ of the liquids through their glasstransition regions. Crystallization of the supercooled liquids into the orientationally ordered crystals is easily achieved for 2-Pr, but takes several hours at temperatures about 135 K for 1-Pr. Good quality crystals were grown by annealing for two days at temperatures close to T m .
Some preliminary data concerning 1-Pr within its supercooled liquid range have already been reported within a study centered on a different topic. Figure 1 depicts the temperature dependence of both glassy and crystalline forms of isomeric propanols. The strikingly mild temperature dependence of data concerning glassy 1-Pr contrasts with its strong increase at low temperatures. Also, data for glassy 2-Pr come to be nearly superposable to those measured for glassy EtOH. 2 At any rate, the most intriguing result concerns the significantly larger values of ͑T͒ for glassy 1-Pr with respect to 2-Pr since, on simple grounds, one might expect that the phonon-gas model relating the conductivity with the phonon specific heat C ph ͑T͒, sound velocity c s , and phonon mean free path l, that is,
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is expected to hold. Since the total specific heat of glassy 2-Pr exceeds that of 1-Pr at low and moderately low temperatures ͑i.e., below some 40 K͒, 10, 12 and, on the other hand, there seems to be no large differences in the elastic behavior of both glasses, 17 one would then expect the conductivity of glassy 2-Pr ought to exceed that of 1-Pr at least below 40 K, a fact not borne out by experiment.
The temperature dependence of the thermal conductivity for a dielectric molecular crystal is known to be aptly described in terms of the Debye-Peierls model for an isotropic solid, where differences between acoustic phonons having different polarizations are disregarded. In short, this quantity is expressed in terms of an effective relaxation time ͑x͒ for phonon scattering as 18, 19 
where x = ប / k B T, c s is the speed of sound averaged over longitudinal and transverse polarizations, and ⌰ is the Debye temperature. The inverse relaxation rate −1 ͑͒ is assumed to obey the Matthiesen rule and, therefore, can be expressed as a sum of rates representing different processes leading to phonon scattering. For an ordered crystal, 20 it is expected that the dominant mechanisms able to scatter heat-carrying Table I . The solid red line corresponds to the calculation including the resonant-scattering term given by Eq. ͑9͒.
phonons will concern anharmonic umklapp processes with a rate U −1 , Casimir scattering from grain boundaries given by B −1 , and scattering by dislocations dis −1 and Rayleigh scattering from point defects R −1 . The total rate is, thus,
and relevant expressions for all the scattering processes are given by
The relevant parameters entering the above expressions are the frequency factor B and activation energy E U for the U processes, the crystallite size L, the dislocation scattering strength D dis , and the Rayleigh strength C R . Equations ͑3͒-͑7͒ are able to describe the data for the ordered crystalline solids, and the numerical estimates for the best-fit parameters are collected in Table I and are compared to data for ordered crystalline ethanol, which constitutes a simpler system for which a lattice dynamic model has been reported 21 and both its dynamics and thermodynamics of its known polymorphs have been studied extensively. 22 The most remarkable differences in the parameter values given above concern the significantly larger values for those describing the strength of dislocations and Rayleigh scattering for 1-Pr if compared to the other two alcohols. In fact, the dislocation strength for crystalline 1-Pr comes to be close to 1 order of magnitude larger than that for 2-Pr, and the same applies to the Rayleigh term which shows a sixfold increase. The results, thus, depict crystalline 1-Pr as a highly defective solid where very strong scattering of heat-carrying phonons overcompensates the effects of a larger value for the sound velocity.
The temperature dependence of ͑T͒ for both glasses was first analyzed on phenomenological grounds using the SPM, [23] [24] [25] which portrays phonon scattering as mainly caused by low-energy excitations of a strongly anharmonic ensemble of particles. The scattering rate of acoustic phonons in a disordered system is given by the sum of three terms describing scattering by the tunnel states, classical relaxors, and soft quasiharmonic vibrations, and reads
Here, 0 is the inverse of an attempt frequency and is of the order of 10 −13 s, which, when the sound wave frequencies ͑10-100 GHz͒ are accounted for, yields a logarithmic factor of ln −1/4 ͑1 / 0 ͒Ϸ0.7. The most relevant parameters are the dimensionless C parameter and the characteristic energy W. Equation ͑8͒ was able to account for data concerning 2-Pr, but failed to reproduce the anomalously large plateau found for 1-Pr. In fact, as shown in Fig. 1 , an attempt to fit the conductivity above some 6 K with the expression given above leads to a significant overestimation of such a quantity up to the highest temperatures. The presence of such an anomalously large plateau is suggestive of the action of strong phonon scattering by processes that become activated at temperatures above some 6 K or so. To account for such an observation, we have included an additional term representing resonant scattering from molecular modes having an average frequency 0 . 26 This additional term which represents resonant scattering of heat-carrying phonons by oscillators having an average frequency of 0 reads
and the derived values for the three adjustable parameters were found to be F = 3.2ϫ 10 −17 s K −1 , n = 1.56, 0 =25 K ͑Ϸ2.16 meV͒, and ␥ = 0.001. A reasonable though not so good fit could be obtained assuming a fixed, linear dependence with temperature. Both cases, however, provide very close estimates for the resonance frequency.
The numerical values found for the parameters entering Eq. ͑8͒ are given in Table II . Within those, the Debye coefficient for the cubic term in the temperature dependence of the specific heat C D reflects the significantly larger value for 2-Pr than 1-Pr, and contrasts with the far milder differences found for the coefficients of the linear and fifth-order terms that correspond to TLS and quasilocalized vibrations. 12 The parameter W characterizes the crossover from a regime dominated by phonon scattering by low-energy excitations ͑tunneling states and classical relaxors͒ into another scatter- Fig. 2 . Data for glassy 1-Pr obviously show larger values for the mean free path than that for the other two glasses. The temperature dependence of l shows three well differentiated regions, varying as T −2 below 3 K, a T −3 regime within 3 -10 K, and, finally, a hightemperature region for T Ͼ 40 K where it goes as T −1/2 . The crossover points ͑i.e., the intercepts between double logarithmic lines͒ are about 4 and 20 K, respectively. The former temperature comes close to the value found for the crossover parameter W, whereas the latter approaches the value given by the resonance frequency 0 . Finally, data for the coupling strength parameter C for both glasses give us a clue to understand the excess in conductivity of 1-Pr over 2-Pr at low temperatures. In other words, such a result tells that for temperatures below the plateau ͑T Ͻ Ϸ 4 K͒, scattering from low-energy excitations is stronger in 2-Pr than in 1-Pr.
IV. DISCUSSION
A. Crystals
The dependence of ͑T͒ at low temperature for both 1-Pr and 2-Pr crystals follows a T 2 dependence rather than the T 3 behavior expected for monatomic crystals. 20 The reasons behind such an apparent anomaly can be ascribed to interactions between acoustic phonons and the librations of orientationally ordered molecules as observed for methane crystals. 27 Somewhat similar phenomena have been reported for clathrates, 28 where the remarkable linear or ͑T͒ ϰ T 3/2 dependences at low temperatures are understood as a consequence of the coupling of rattling motions of off-center atoms to phonons. 3, 29 Also, phenomenological treatments considering strain fields caused by wedge disclination dipoles 4 lead to a clear crossover from T 3 to T 2 in the thermal conductivity at low temperature.
The specific heat data for both crystals 10 follow a Debye, C p ϰ T 3 , behavior up to about 3 K only. The ratio of the two quoted values for the Debye term C D ͑1-Pr͒ / C D ͑2-Pr͒ is about 0.71, and is significantly smaller than that expected on the grounds of the density difference ͑i.e., C p ϰ −1 ͒, that is, 0.92. The difference in sound velocities for the two crystals as given in Table I helps to solve such difficulty, since it provides an additional ratio of 0.92 to explain the difference in the low-temperature specific heat.
The maxima of C p / T 3 curves are at 10.6 K for 1-Pr and 8.6 K for 2-Pr and are accounted for by differences in the Z͑͒ spectral frequency distributions for the two crystals reported in Ref. 10 . The temperatures where the maxima in C p / T 3 are located are, thus, close to the maxima of ͑T͒ for the two crystals as shown in Fig. 1 .
B. Glasses
The most striking difference between the measured ͑T͒ for both glassy isomers concerns the substantially larger conductivity for 1-Pr with respect to 2-Pr below 15 K as well as the extremely large plateau exhibited by the former. A more detailed comparison of data is provided by plots shown in Fig. 3 . There it is shown that at low temperatures, that is, below 3 K, data for 1-Pr follow a power law ͑T͒ ϰ T m , with m = 0.94. Within 3 -5 K, such a dependence gets smoother with m = 0.4 and, finally, within 6 -60 K, a remarkably mild dependence with temperature is found. The strong drop in ͑T͒ apparent for T Ͼ 60 K is here ascribed to the onset of low frequency motions which lead to the melting of the glass at T g = 98 K. The assignment is made on the grounds of previous muon spin relaxation results, 30 which monitored the evolution with temperature of such motions by means of measurements of relaxation rates under a weak transverse field. Such experiments prove the dynamics within the micro-to nanoseconds time scales and, therefore, they have a direct bearing on heat transport processes. Results for 2-Pr show a softer temperature dependence for T Ͻ 3.5 K with m = 0.7, followed by a region with m = 0.35, which extends from 5 to 25 K. Also, a basically temperature-independent region is found for 25-60 K and, finally, a strong drop of ͑T͒ is again found for temperatures approaching the glass → liquid transition.
The results for ͑T͒ commented on the above paragraph contrast with data for the specific heat, since all the coefficients entering the expansion with temperature of the specific heat are larger for 2-Pr than for 1-Pr. The results are, however, rationalized if consideration is made of the remarkable differences in the experimental vibrational frequency distributions at low frequencies of the two isomers as reported in Ref. 13 . Figure 4 shows the strikingly large differences between the two spectral distributions. In particular, the excess modes, that is, the states giving rise to a frequency dependence stronger than Z͑͒ ϰ 2 observed for the crystals, are far more prominent in 2-Pr than in 1-Pr. Such states give rise to Boson peaks at about 2.5 and 1.8 meV for 1-Pr and 2-Pr, respectively, as shown in the inset of Fig. 4 . The difference in the spectra at frequencies below some 5 meV translates into rather different values for the C parameter which offset the differences in specific heat and, on such grounds, one expects from Eq. ͑2͒ to result in lower values for the conductivity of 2-Pr at low temperatures than those for 1-Pr.
Let us now consider the heat conductivity of both glasses for temperatures well above the plateau, that is, beyond some 5 K, in some detail. To start with, we follow the same route as adopted for the analysis of the conductivity of several glasses, 31 which is grounded on the concept of minimal thermal conductivity, which is reached when the distance between collisions of the phonon gas, that is, the l parameter entering Eq. ͑1͒, equals the wavelength of the Debye elastic waves. Under such circumstances, heat is propagated by means of diffusionlike processes akin to those operative within the liquids. 16 Also, following the suggestion made on Ref. 31 , we take the high-temperature limit of such wavelength as twice the average intermolecular spacing, and we equate the latter to the distance d =2 / Q max given in terms of the position in momentum transfers of maxima of the static S͑Q͒ structure factor for both glasses, which become Q p = 1.56 and 1.52 Å −1 , respectively, 9 leading to estimates l = 4.02 and 4.13 Å for 1-Pr and 2-Pr, respectively. Taking, thus, the value of the high-temperature limit of the thermal conductivity within the glass state, that is, about 60 J K −1 mol −1 for both glasses, 10 as well as the estimate of the sound velocities taken from the light-scattering study, 17 we get estimates for the high-temperature limiting value of ͑T͒ = 0.21 W m −1 K −1 for both glasses which predict the correct order of magnitude. The result is, however, of limited validity since if we further assume as done in Ref. 31 that the temperature dependence comes from that of the specific heat only, the calculated thermal conductivities as shown in Fig. 3 fall with temperature far more rapidly than experiment.
Microscopically, the main difference between the two isomers concerns the two methyl groups present in 2-Pr versus only one for 1-Pr. Such chemical side groups are known to give rise to localized modes and in fact, are the main contributors to the strong features centered at = 31 meV in Fig.  4 . Their effect on the thermal conductivity is, however, far more complex as proven by recent results on methyl-doped silica glass, 32 which show that the conductivity at low temperature decreases with increasing methyl doping via a reduction of the participation ratio, that is, in the number of atoms which participate in a heat-carrying vibrational mode. The closeness of data for ͑T͒ for 2-Pr and EtOH also points toward the effects of an additional methyl group in 2-Pr with respect to EtOH to scatter acoustic phonons. In fact, as shown in Table II , the Debye coefficient for the specific heat for glassy EtOH is about 60% that of 2-Pr, while ͑T͒ for the two samples is superposable within temperatures of 2 -10 K. On such grounds, one expects to find for 2-Pr a scattering mechanism able to lower the conductivity to the same values as shown for EtOH. In this respect, the closeness of the estimated mean free path for both EtOH and 2-Pr within 2 -10 K shown in Fig. 2 merits to be remarked. In spite of the large difference in behavior of ͑T͒ between the two isomers, it needs to be taken into account that the ansatz of quantitative universality, as proposed by Pohl et al., 1 in terms of the ratio of the wavelength of the acoustic wave to its mean free path l,
still holds. In fact, data from Table II yield figures for such a quantity of Ӎ2.8ϫ 10 −3 and Ӎ5.3ϫ 10 −3 for both glasses and, therefore, our results are in quantitative agreement with data reported in Ref. 1, thus lending further support to the claim of "universal" behavior there expounded.
The present results also come into line with detailed studies on the molecular dynamics of 1-Pr carried out by means of NMR relaxation spectrometry 33 and quasielastic neutron scattering, 34 which depict rather complex molecular motions. In fact, both studies report on a minimum of three motional processes observable by both techniques within the normal and deeply supercooled liquids, which render inadequate the description of the molecular motions in terms of that for a rigid body.
C. Origin of the difference in thermal conductivity
Our ansatz of ascribing the mesmerizingly large plateau of data for 1-Pr to resonant scattering of phonons comes into line with other efforts dealing with thermal conduction in defect crystals and glasses. 4, 35 The phenomenon is known since pioneering studies on alkali halides 26 doped with molecular ions which are able to reorient within the crystalline matrix. Here, we pursue a similar approach to that employed for the analysis of the conductivity of glassy Se 7 and assign the origin of the strong plateau to the combined effects of relaxational scattering as well as to scattering from the low frequency tail of the librational contribution to the total Z͑͒. Additional support for such an assignment comes from detailed lattice and molecular dynamics on ordered-crystalline ͑FOC͒ and orientationally disordered ͑OG͒ ethanol, 21 which served to set bounds beyond which all phonon eigenvectors include substantial molecular-deformational components. More specifically, comparison of experimental data for the Z͑͒ of fully hydrogenated and fully deuterated ethanol shows that an isotopic effect could be followed down to 1.65 meV ͑Ϸ19 K͒ and 0.5 meV ͑Ϸ6 K͒ for FOC and OG samples, respectively. The finding is interpreted as a direct evidence of a substantial contribution of the molecular librations to Z͑͒. As far as the kind of internal molecular motions able to undergo a strong coupling to the acoustic phonons is concerned, the lowest lying vibrational motions involve the C-C torsion. The characteristic energies involved in such motions correspond to transitions between molecular conformations and are estimated to be as low as 35 K with respect to the ground state 36 for the free molecule. In contrast, the most relevant internal coordinate of 2-Pr involves rotation about the C-O bond, for which the most recent estimate yields characteristic energies of about 120 K, 37 which are well above the energies of transverse acoustic phonons. 21 As mentioned in the Introduction, the main difference between 1-Pr and 2-Pr concerns their molecular shapes. The latter is a nearly prolate top with asymmetry parameter = −0.84, whereas 2-Pr is a nearly oblate top with = 0.72. 36, 37 Transitions between the possible conformers in 1-Pr connecting different molecular structures which differ by the value of the dihedral angle subtended by the C-C-C-O skeleton involve a significant change in molecular shape since the ground state is characterized by principal moments of inertia of 36.9, 18.6, and 45.4 amu Å 2 , respectively, whereas the molecular parameters for the fully extended molecular conformation are 125.2, 108.7, and 134.4 amu Å 2 . Notice that all possible transitions in 2-Pr which only involve reorientation of the OH group with respect to the molecular frame lead to minor variations in molecular shape and, indeed, the asymmetry parameter for this molecule can change by 0.06 unit at most. The spectrum of such transitions for the free ͑gas phase͒ molecules has recently been reanalyzed 36, 37 due to its interest in astrophysics. From the differences in energy between 1-Pr conformers there reported, it can be inferred that these kinds of molecular motions will certainly hybridize with the acoustic excitations, giving rise to a substantial density of states at a few meV frequencies, in much the same way as we found for glassy Se 7 in an earlier study. On such grounds as well as the proximity of the resonance frequency 0 = 25 K to the free-molecule value, we expect that transitions within different conformers in 1-Pr will be coupled to the elastic fields, a phenomenon absent in 2-Pr due to both the small change in molecular shape and the relatively high energy of the lower-lying conformational transition. Such a view is also consistent with the significant difference in the elastic properties of both samples as revealed by optical spectroscopy. 17 The results here reported, thus, fit within the scenario sketched a long time ago as a result of modeling work on alkali halides, 35 where the presence of a plateau in the thermal conductivity was mostly ascribed to elastic effects involved in the reorientations of CN dipoles within a KBr matrix. Also, results for glassy Se where an extended plateau in ͑T͒ was also observed were accounted for in terms of chain motions akin to those here described.
V. CONCLUDING REMARKS
The data reported here, while confirming the general validity of claims of universality for this transport property, remind us of the semiquantitative character of such universal behavior as shown by the rather drastic effects of a minor chemical detail. The ultimate reasons for such disparate behaviors has to be sought in specific details concerning the potential energy surfaces of both materials. The difference in potential energy landscapes reveals itself in the vast difference in crystallization kinetics of both materials, since the formation of crystallites within the melt involves an exhaustive exploration of the free energy landscape.
Our current results for the thermal conductivity of both glasses show that, apart from the remarkable effects of the action of an internal degree of freedom in 1-Pr, both conductivities at temperatures above 25 K or so can be understood on semiquantitative grounds in terms of the minimal conductivity concept, where heat is transferred by both acoustic phonons and other diffusive modes. The latter will dominate the heat transfer processes at the higher temperatures where molecular reorientational motions will become thermally activated. Such conditions lead to strong phonon scattering by rotational excitations, which is known to be very weakly dependent on temperature. 38 *jbermejo@we.lc.ehu.es
